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Dedicated to my master students. 
 III
As an ETH biochemist by education, doing my Ph.D. in the field of aquatic microbial 
ecology, I often felt uncomfortable with ecological experiments, because the 
methodologies and results of such experiments generally hardly complied with my 
demands on precision and accuracy. Moreover, I never dared to even think to be 
able to understand what is going on out there in reasonable detail. That’s why I spent 
most of my time on the development of novel technology related to the field, trying to 
render aquatic microbial ecology a bit more accurate. But nevertheless, some 
amount of ‘ecology’ swapped over into my thinking as time went by ... 
 
 
 
 In Church 
R. S. Thomas  
(1913 - 2000) 
 
 
 
Often I try 
To analyse the quality 
Of its silences. Is this where God hides 
From my searching? I have stopped to listen, 
After the few people have gone, 
To the air recomposing itself 
For vigil. It has waited like this 
Since the stones grouped themselves about it. 
These are the hard ribs 
Of a body our prayers have failed 
to animate. Shadows advance  
From their corners to take possession 
Of places the light held 
For an hour. The bats resume 
Their business. The uneasiness of the pews 
Ceases. There is no other sound 
In the darkness but the sound of a man 
Breathing, testing his faith 
On emptiness, nailing his questions 
One by one to an untenanted cross. 
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1 Summary 
One important focus of aquatic microbial ecology lies on the spatial and temporal 
dynamics of bacterial populations in freshwater and marine systems, as well as on 
the structure of communities in terms of phylogenetic composition and activity 
distribution. These questions can be accurately and comprehensive addressed 
through the investigation of single cells by in-situ staining techniques and subsequent 
analysis by fluorescence microscopy or flow cytometry. A variety of staining protocols 
are available to assess abundances, phylogenetic identity and activities on a single 
cell level. However, while biological preparations can be produced massively parallel, 
the manual microscopic cell counting and sizing represents the bottleneck of this 
approach and limits the scope of experimental studies. The main objective of my 
Ph.D. thesis was to design and establish a fully automated microscopy platform for 
autonomous image acquisition and analysis of multiple stained microbial cells. This 
was realized on a commercial microscope by means of object oriented programming 
and the elaboration of a suitable workflow. The system was subsequently applied for 
the investigation of bacterioplankton dynamics during phytoplankton spring blooms in 
Lake Zürich and in other field studies. Particular emphasis was put on basic 
methodological problems arising in high throughput screening by epifluorescence 
microscopy in the context of aquatic microbial ecology. For one, a fast and accurate 
autofocus routine based on live image processing and image subdivision was 
created. It is able to measure the topology of fields of view to assess image quality 
prior to image acquisition. Nevertheless, additional post acquisition image quality 
control was found to be of crucial importance for data precision in high throughput 
imaging. An automated image quality assessment routine based on artificial neural 
network analysis was established to efficiently process large image datasets. Thirdly, 
a contour based, morphology independent algorithm was developed to accurately 
assess biovolumes of aquatic microbes, because it represents an ecologically 
important feature that can be readily retrieved by microscopy and image analysis. 
Currently applied methods were found to be over-simplistic and moreover strongly 
biased for some bacterial cell morphologies. A final project was focused on 
Planktothrix rubescens, an important constituent of the autotrophic bacterioplankton 
in many lakes (including Lake Zürich). Since its filamentous morphology and its large 
size complicate automated quantification and size measurement by conventional 
  2
image processing, an object oriented model based image analysis approach was 
developed for this purpose. 
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2 Zusammenfassung 
Die Untersuchung von bakteriellen Population im Süsswasser sowie im marinen 
Plankton ist ein wichtiger Schwerpunkt der aquatischen mikrobiellen Ökologie. In 
diesem Zusammenhang sind die zeitlichen und räumlichen Dynamiken von 
Populationen sowie die Struktur der mikrobiellen Gemeinschaft im Bezug auf ihre 
phylogenetische Zusammensetzung und ihre Aktivitätsmuster von grossem 
Interesse. Als Mittel zur Untersuchung dieser Fragestellungen ist im Besonderen die 
fluoreszenzmikroskopische Analyse einzelner Zellen oder die Durchflusszytometrie 
geeignet. Zur Bestimmung von Abundanzen, taxonomischer Zugehörigkeit und 
Aktivitätslevel von einzelnen Zellen steht eine Vielfalt von etablierten 
Färbeprotokollen zur Verfügung. Die Produktion von biologischen Präparaten lässt 
sich in grossem Masse parallel realisieren, die Auswertung hingegen erfolgt generell 
durch manuelles Mikroskopieren, ist daher sehr zeitaufwändig und stellt den 
limitierenden Faktor für den Umfang von experimentellen Studien dar. Das Ziel dieser 
Doktorarbeit war das Konzipieren und Entwickeln einer automatischen Mikroskopie-
Platform für die vollautomatische Auswertung von biologischen Präparaten mit 
mehrfach gefärbten Zellen. Dies wurde verwirklicht mit Hilfe eines kommerziellen 
motorisierten Mikroskops, objekt-orientierter Programmierung und durch Entwicklung 
eines spezifischen Arbeitsflusses. Schliesslich kam das System in diversen 
Forschungsprojekten zum Einsatz, insbesondere bei Untersuchungen zur 
Bakterioplankton-Dynamik während Frühjahresblüten des Phytoplanktons im 
Zürichsee. Bei der Systementwicklung wurde besonderer Wert auf die Lösung 
grundlegender technischer Probleme im Zusammenhang mit der automatisierten 
Hochdurchsatzmikroskopie für die aquatische Mikrobiologie gelegt. Zum einen wurde 
ein neues schnelles und zuverlässiges Autofokus-System entwickelt. Dieses erlaubt 
es, die Qualität eines Bildfeldes vor der Bildaufnahme zu beurteilen, indem an 
mehreren Stellen fokussiert und damit die lokale Topologie eines Präparates erfasst 
wird. Zum anderen ist es notwendig, automatisch aufgenommene Bilder auf deren 
Qualität hin zu überprüfem, um die Präzision der nachfolgenden Zellzählung mittels 
Bildanalyse zu gewährleisten. Dazu wurde ein vollautomatisches System entwickelt 
welches auf einem künstlichen neuronalen Netzwerk basiert. Neben diesen rein 
technischen wurden auch biologische Fragestellungen bearbeitet. Einerseits wurde 
ein neues, konturbasiertes, bildanalytisches Verfahren entwickelt um das Biovolumen 
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von Bakterien, eine ökologisch bedeutende Kenngrösse, die mittels Mikroskopie 
ermittelt werden kann, unabhängig von der bakteriellen Morphologie, genau zu 
bestimmen. Zum anderen wurde eine neue, model-basierte objekt-orientierte 
Bildanalysemethode entwickelt, um häufige filamentöse Cyanobakterien, 
beispielsweise Planktothrix rubescens, in der Wassersäule von Seen vollautomatisch 
zu quantifizieren. 
 
Introduction 
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3 Introduction 
3.1 Single Cell Analysis in Aquatic Microbiology 
Aquatic microbial ecology investigates highly complex environmental systems 
composed of a vast number of different organisms, namely eukaryotes, bacteria, 
archaea and viruses, that are altogether linked by various interactions such as 
competition for nutrient sources and habitats, transformation of organic matter, 
symbiotic relationships, or predation (Azam et al. 1983, Cole et al. 1988, Pace & Cole 
1996, Pernthaler 2005, Pernthaler & Amann 2005). Some of these relationships may 
be qualitatively depicted as a microbial food web. Moreover, these interactions are 
superimposed by global physical and chemical conditions such as seasonality 
(Pernthaler et al. 1998), short term meteorological events, and the in- and efflux of 
organic and inorganic matter. As a consequence these systems are highly dynamic 
and hardly understandable at large1. 
One promising strategy to approach the complexity of such systems is the in-situ 
analysis of single microbial cells (Amann et al. 1995). It allows for addressing central 
questions of population and community ecology, i.e. the spatial and temporal 
dynamics of populations, the structure of communities and the specific roles of 
different organisms. Notably, the single cell analysis methods differ from the classical 
microbial methodology for the descriptions of microorganisms in that they do not 
presume the organisms of interest to be cultivable. This is important as most 
environmental bacteria (> 99.9%) cannot be grown in pure culture (Ferguson et al. 
1984, Amann et al. 1995). 
However, some of the most wide-spread methods in environmental microbiology 
use a rather ancient instrumentation for the analysis of cells, the light microscope, 
whose very development is inextricably linked with the history of microbiology 
(Nowak 1984, Schlegel 2004). It was invented in 1595 in the Netherlands and 
subsequently used to observe nature. In 1665, Robert Hooke coined the term ‘cell’ 
for biological organisms and the first scientific description of microbes was carried out 
by Antonie van Leeuwenhoek in 1676 (Fig. 1). These early observations were limited 
                                                 
1 To get an understanding for the cells in the water one should probably first understand the water in 
the cell, but as stated by P. M. Wiggins: “Anyone attempting to describe the nature of water in the cell 
must realise that, because our understanding is so incomplete, the description will probably be 
outmoded in a decade or so.” (Wiggins 1990)  
Introduction 
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to some larger microbes as the nearly transparent smaller ones were beyond the 
resolution capacity of the first microscopes. As a next major improvement, 
microscopic staining techniques evolved over the following 200 years. On one hand, 
the contrast of organisms and structures could be enhanced, thus rendering them 
visible, on the other hand, specific stains allowed for the differentiation of microbes, 
representing another milestone in the history of microbiology. As a prominent 
example, Hans Christian Gram in 1884 introduced a staining technique for the 
classification of bacteria that is still widely applied today. 
Fig. 1 A: Drawing of a microscope as used by R. Hooke (from Novak, 1984). B: Drawing of bacteria by A. van 
Leeuwenhoek (from Schlegel, 2004). 
In the 20th century, two more revolutions2 took place, besides to the continuous 
improvement of the optical instrument per se. The first was the introduction of 
fluorescent stains. In the 1930s they were originally used for histology and 
histopathology, but became soon universally applied in all fields of life science, also 
in aquatic ecology. For example, the advent of nucleic acid stains (e.g. acridine 
orange (Jones 1974), DAPI (Porter & Feig 1980), SYBR-Green (Noble & Fuhrman 
1998)) facilitated the visualization and quantification of bacteria and viruses in water 
                                                 
2 It would go far beyond the scope of this thesis to give an overview on even only the most important 
developments in the field of microbiology and microscopy in the 20th century, as the rate of 
discoveries behaves exponentially. Not because scientists are more intelligent today then centuries 
before, but there are just more of them. J. R. Oppenheimer stated in 1962 that from all scientists in the 
history of humanity, 93% are currently alive (Oppenheimer 1966). 
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samples. The second revolution came in the 1990s with the broad availability of 
digital cameras and computer systems for the acquisition and processing of 
microscopic images. Firstly it offered a new way for quantitative microscopy by 
means of both counting and measuring, and secondly, it was the first step in the 
direction of high-throughput microscopy (Pernthaler et al. 2003). Altogether, in the 
past two decades, microscopy in combination with fluorescent staining has opened 
new perspectives in aquatic microbial ecology, in particular also by means of single 
cell analysis. 
But what can single cells tell? Logically, this depends on the question asked, in 
the figurative sense, i.e. what kind of staining protocol is applied. Notably, it is 
possible to apply multiple staining on a single cell, thus retrieving complementary 
information, rendering this approach far more powerful. 
3.1.1 Abundance 
The membrane filter technique for the analysis of aquatic microbes was 
introduced in the 1920s (Beling & Jannasch 1955) and has become a standard 
method nowadays, e.g. for the determination of the number of prokaryotes present in 
a distinct volume of water. Basically, water is filtered through a polycarbonate track 
etch membrane filter with a pore size of 0.2 µm, retaining almost all bacteria, and 
some larger viruses (Hobbie et al. 1977, Noble & Fuhrman 1998). The known filtered 
volume and filter area allows for a quantification of fluorescently stained 
microorganisms (Fig. 2). 
Fig. 2 A: Microscopic image of fluorescently stained cells (DAPI) on a membrane filter (63 × objective). B: 
Scanning electron micrograph of a membrane filter containing microbial cells. Images by MZ, electron microscopy 
was kindly supported by the ZMB, University of Zürich. 
Introduction 
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In addition, there are constituents of the plankton that are visible by fluorescent 
microscopy without prior staining, e.g. autotrophic algae or cyanobacteria. However, 
the mere total abundance of microbial cells is, in the context of to the current state of 
research, not a highly valuable information per se, nor is microscopy, even 
automated microscopy, the fastest and most convenient way to obtain this 
information. Another very promising technology for this purpose that arose over the 
last decades is flow cytometry. It was developed by Wolfgang Göhde in 1968 for the 
analysis of particles suspended in a stream of fluid (Shapiro 1995). Originally used in 
the field of medicine (e.g. hematology, tumor immunology, or sperm sorting) it also 
found application in aquatic sciences (Legendre et al. 2001) for counting and sorting 
(Fuchs et al. 2000, Andreatta et al. 2002, Sekar et al. 2004) of microbial cells in a 
high throughput manner. However, it is not fully compatible with some important 
staining protocols in environmental microbiology (e.g. CARD-FISH, MAR-FISH), and 
thus cannot replace microscopy. A general staining of all bacteria by means of a 
nucleic acid stain is routinely applied in most multiple staining protocols to link the 
number of specifically stained cells to the total cell number for retrieving relative 
abundances.  
3.1.2 Cell Biomass and Morphology 
As aquatic bacteria exhibit a wide range of cell sizes and morphologies (Henrici 
1933, Boyde & Williams 1971, Young 2006, Posch et al. 2009), the mere abundance 
of cells or specific groups of cells might not be an adequate ecological descriptor, 
especially when the transfer of organic matter (e.g. carbon fluxes) is the subject of 
investigation. Therefore, the biomass of single cells is of interest. Microscopy and 
image analysis allow for the calculation of biovolumes from detected cells on images 
and then, by the applications of suitable conversion factors, the biomass and carbon 
content of cells can be estimated (Sieracki et al. 1989, Bloem et al. 1995, Blackburn 
et al. 1998, Posch et al. 2001, Posch et al. 2009).  
Next to the biovolume of a cell, the morphology is another interesting feature that 
can be quantified by image analysis. While there is a considerable morphological 
diversity in the microbial world, the underlying reasons and its ecological role are yet 
poorly understood (Young 2006). At the same time, morphological features seem to 
be important for bacterial survival, e.g. the ubiquitous marine SAR11 bacteria are 
vibrioid shaped. The genome of these bacteria has found to be reduced to a 
Introduction 
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minimum (Giovannoni et al. 2005), but still they possess sub cellular structures to 
maintain this specific morphology, indicating that this might be of high importance. A 
promising approach to classify shapes of bacteria is to analyze their cell boundaries 
by Fourier analysis. The retrieved invariant Fourier descriptors may subsequently be 
used in a neural network analysis for classification (Blackburn et al. 1998). 
3.1.3 Phylogenetic Identification by Fluorescent in-situ Hybridization 
The above mentioned phenotypic analysis of uncultivable bacteria is, on its own, 
strongly limited, as it describes the bacterial community as one entity. The 
introduction of molecular techniques in biology, e.g. amplification (PCR) and 
sequencing of nucleic acids marked a major breakthrough in biology. The analysis of 
genomic sequences opened new perspectives and allowed for the identification of 
prokaryotes on the species level, based on genetic markers, the most prominent of 
which is the 16S rRNA gene. Fluorescent in situ hybridization (FISH) is a molecular 
staining methodology based on rRNA-targeted oligo- or polynucleotide probes that 
allows the phylogenetic identification and quantification of single bacteria 
(Giovannoni et al. 1988, DeLong et al. 1989, Amann et al. 1990, Amann et al. 1995, 
Glöckner et al. 1996). This approach has been widely applied to study microbes in 
different environmental habitats but also in experimental investigations (Alfreider et 
al. 1996, Jurgens et al. 1999, Pernthaler et al. 2001, Pernthaler & Amann 2005). A 
major disadvantage of FISH with mono-labeled probes is that cells harbouring a low 
number of ribosomes, as many prokaryotes in the environment do, yield a low 
fluorescence signals and are thus not detectable. An improved protocol, based on 
enzymatic signal amplification (CARD: catalyzed reporter deposition, (Pernthaler et 
al. 2002b, Sekar et al. 2003)) finally resolved this issue. CARD-FISH allows for the 
detection of small or starving cells and thereby increases the detection rate in 
environmental samples.  
3.1.4 Assessment of Activity by Microautoradiography and BrdU 
Incorporation 
The mere in situ quantification of bacterial taxa is often not sufficient to get a 
detailed understanding about their ecological role, as information about the activity of 
the organisms is missing (Alonso 2005). From the many methods for studying 
microbial activity on a single cell level, two examples shall be mentioned here, 
Introduction 
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microautoradiography (MAR) and the BrdU incorporation method. Notably, they are 
both compatible with the FISH staining technique and microscopic evaluation.  
Microautoradiography is known in biological sciences since the 1960s (Brock 
1967) and allows for the visualization of the incorporation of radiolabelled substrates 
by microbial cells. The use of radioactive isotopes, e.g. tritium, renders this approach 
highly sensitive and the chemical and physical properties of the labelled substrate 
largely coincide with those of the original, natural molecule (Smith & del Giorgio 
2003, Alonso 2005). The combination of the FISH and the MAR method, 
subsequently termed MAR-FISH has become popular in the field of aquatic microbial 
ecology in the last decade (Lee et al. 1999, Ouverney & Fuhrman 1999, Cottrell & 
Kirchman 2000, Alonso & Pernthaler 2005, Alonso et al. 2008, Salcher et al. 2008). 
Briefly, bacteria from environmental samples are incubated with a radiolabelled tracer 
(e.g. glucose, leucine or thymidine) for a defined time span (hours) close to in situ 
conditions and subsequently fixed. Thereafter, the standard FISH protocol is applied 
and the preparations are finally covered with an autoradiographic emulsion. Cells 
containing radioactivity then trigger the formation of visible silver grain deposits in 
close proximity. These can be imaged in bright field illumination and quantified.  
Another, eventually more direct measure for activity is the quantification of cell 
growth, e.g. cell division. In order to proliferate, microbial cells have to duplicate their 
genome, what involves DNA synthesis. The chemical compound 5-bromo-2’-
deoxyuridine (BrdU) is a thymidine analog that is, when offered in incubation, 
incorporated into the newly synthesized DNA by dividing cells and can be later on 
visualized by the immuno-fluorescence staining (Pernthaler et al. 2002a). This 
technique has been applied in environmental studies (Hamasaki et al. 2004, 
Warnecke et al. 2005, Zeder et al. 2009) to track cell growth. However, it is known 
that certain bacteria are not able to incorporate this compound (Urbach et al. 1999).  
3.2 Automated High-Throughput Microscopy and Image Analysis 
The above mentioned staining methodologies and especially their combinations 
provide a powerful tool to address scientific questions in aquatic microbial ecology. 
However, the evaluation of such experiments is based upon microscopic analysis of 
samples and manual counting of microbial cells is a highly time consuming and 
tedious task. Actually, this part of the procedure represents the bottleneck of the 
approach and depicts the limiting factor of any large study (Schattenhofer 2009). 
Introduction 
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Not surprisingly, attempts have been made to automate the microscopic 
evaluation of fluorescently stained preparations, notably in many areas life sciences. 
Historically, the first step in automation was carried out in the 1970s by automated 
analysis of manually acquired digital images (Bartels et al. 1972, Krambeck et al. 
1981, Sieracki et al. 1985, Bjornsen 1986, Pernthaler et al. 1997), whereas the 
second, technically more complex part, the (semi-) automated image acquisition was 
achieved decades later (Gmür et al. 2000, Singleton et al. 2001, Pernthaler et al. 
2003, Daims & Wagner 2007) (Fig. 3). Despite of the obvious advantages, fully 
automated microscopy platforms are not widely spread in the field of aquatic 
microbiology today. On the one hand, fully motorized and programmable 
microscopes have become commercially available off the shelf only recently. On the 
other hand, the automation of a specific, user-defined, task involves intensive effort, 
including knowledge on image analysis and high-level programming.  
Fig. 3 A: Microscope and image analysis system for the use on a ship as described by Sieracki in 1985. 
Automated microscope used in this thesis (AxioImager.Z1, Zeiss, Germany). 
3.3 Lake Zürich: Phytoplankton Spring bloom and Planktothrix 
rubescens 
The field experiments within this thesis were focussed on the mesotrophic 
prealpine Lake Zürich. It is located in canton Zürich, Switzerland, at a height of 406 
m.a.s.l. and features a maximal depth of 136 m (mean: 51 m), a surface area of 68 
km2 and a water retention time of 1.4 years (Bossard et al. 2001). Besides its quality 
for recreation it serves as the major source of drinking water for the city Zürich and 
for several communities located at the shore. As many other lakes in Switzerland, 
Lake Zürich was strongly affected by anthropogenically induced eutrophication during 
Introduction 
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the first decades of the 20th century. Since the installation of sewage treatment 
plants with enhanced phosphorus removal, the weighted annual averages of total 
phosphorus concentrations decreased from > 100 µg l-1 in the 1970ies to stable 
values around 30 µg l-1 in the mid of the 1990s. During the last decades a detailed 
monitoring of the lake has been conducted by the Zürich Water Supply 
(http://www.stadt-zuerich.ch/internet/wvz/home.html). However, the knowledge about 
the ecology of heterotrophic bacteria in Lake Zürich is still scarce3. 
Phytoplankton communities in temperate lakes undergo predictable seasonal 
transitions (Sommer et al. 1986). As a spring phytoplankton bloom is accompanied 
by rapid alterations of environmental factors, it represents a highly interesting 
situation for the short time analysis of changes in the bacterioplankton. Therefore, we 
investigated the dynamics and growth state of bacterioplankton taxa during a spring 
bloom event in Lake Zürich. Sampling with high temporal resolution was required to 
adequately map the development of physicochemical and biological parameters 
during this dynamic period of plankton succession. 
Besides the heterotrophic bacterioplankton, the filamentous cyanobacterium 
Planktothrix rubescens is a highly interesting inhabitant of the pelagic zone of many 
lakes (Fastner et al. 1999b, Ernst et al. 2001). On the one hand, it is the dominant 
primary producer in Lake Zürich, and on the other hand, it is known to produce a 
variety of potent toxins, rendering this organisms important in terms of human health 
concerns and drinking water quality control (Fastner et al. 1999a, Chorus et al. 2000, 
Blom et al. 2001, Blom et al. 2003, Hoeger et al. 2005). Thus there is a need for rapid 
methods for the quantification of this organism in environmental samples, e.g. for 
monitoring purposes. While automated quantification of small, single-celled bacteria 
is an established technology, the quantification and sizing of such large filamentous 
organisms is more difficult to achieve by image analysis. 
 
 
                                                 
3 From the roughly 400 publications on Lake Zürich, there are just three which are concerned with 
heterotrophic bacteria (Button et al. 1996, Koster & Juttner 2001, Zeder et al. 2009), T. Posch, 
personal communication.  
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4 Objectives and Content of the Thesis 
The main objective of this Ph.D. thesis was to design and establish an automated 
high-throughput microscopy platform for imaging and evaluation of preparations of 
multiple stained bacteria resulting from experimental and explorative studies in 
aquatic microbial ecology. The second objective was to apply the system to 
investigate bacterioplankton dynamics in a spring phytoplankton bloom situation in 
Lake Zürich (Publication 5). The process of technical development lasted three years 
and is still ongoing. During that period, specific problems related to high-throughput 
microscopy were encountered and had to be addressed in detail, resulting in two 
scientific publications. Publication 1 describes the development of an autofocus 
routine for high-throughput microscopy and Manuscript 2 deals with automated image 
quality assessment.  
The system was operational since 2007 but it has not yet been separately 
described in a publication and is thus discussed in detail within this thesis. During the 
time of development, the system was applied in several studies conducted at the 
Limnological Station of the University of Zürich (Alonso et al. 2008, Salcher et al. 
2008, Zeder et al. 2009) or in collaborations with external researchers. 
Besides the development of technology related to high-throughput microscopy, 
special emphasis was given on the elaboration of new image analysis methods in the 
context of aquatic microbial ecology. Manuscript 3 describes a tool for the 
quantification and sizing of Planktothrix rubescens by object oriented image analysis. 
Manuscript 4 deals with a contour based algorithm for accurate and morphology 
independent measurement of bacterial biovolumes. As the manuscript is in 
preparation, its content is described in the ‘Methods and Results’ part of this thesis. 
Software development depicted a substantial part of this work and whenever 
possible it was made freely available for others to use (freeware / open source). The 
programs are deposited on my personal website (http://www.technobiology.ch).  
 
Results 
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4.1 Selected Publications and Manuscripts 
The main scientific output of within this thesis is presented by two publications as 
first author, two co-authored publications, one submitted manuscript and two 
manuscripts in preparation. 
4.1.1 Publications on the Development of Technology related to 
Microscopy and Image Analysis 
Publication 1 
Zeder M, Pernthaler J., Multi-spot live-image autofocusing for high-throughput 
microscopy of fluorescently stained bacteria. Cytom Part A. In press 2009. Own 
contribution: MZ designed and developed the method and wrote the publication.  
 
Manuscript 2 (submitted to Cytometry A) 
Zeder M, Kohler E, Pernthaler J., Automated quality assessment of 
autonomously acquired microscopic images of bacteria by artificial neural network 
analysis. Own contribution: MZ supervised the master thesis of EK, designed and 
developed the method in collaboration with EK and wrote the publication. 
 
Manuscript 3 (in preparation) 
Zeder M, Van den Wyngaert S, Felder K, Pernthaler J., Automated quantification 
and sizing of unbranched filamentous cyanobacteria by model based object oriented 
image analysis. Own contribution: MZ designed and developed the method and 
wrote the publication. 
 
Manuscript 4 (in preparation, described in the ‘Methods and Results’ section) 
Zeder M, Kohler E, Zeder L, Pernthaler J., A generic contour based morphology 
independent algorithm for biovolume determination of microbial cells by image 
analysis. Own contribution: MZ supervised the master thesis of EK, designed and 
developed the method in collaboration with EK and wrote the publication. 
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4.1.2 Publications on the Application of the Developed Technology 
Publication 5 
Zeder M, Peter S, Shabarova T, Pernthaler J., A small population of planktonic 
Flavobacteria with disproportionally high growth during the springphytoplankton 
bloom in a prealpine lake. Environ Microbiol. Accepted 2009. Own contribution: MZ 
co-supervised the master thesis of PS and TS, established the technical basis for 
imaging and evaluation, evaluated a substantial part of the dataset and participated 
in the writing of the publication. 
 
Publication 6 
Alonso C, Zeder M, Piccini C, Conde D, Pernthaler J., Ecophysiological 
differences of betaproteobacterial populations in two hydrochemically distinct 
compartments of a subtropical lagoon. Environ Microbiol. 2009. Own contribution: MZ 
provided and customized the method for sample imaging, assisted in data evaluation 
and writing of the publication. 
 
Publication 7 
Salcher MM, Pernthaler J, Zeder M, Psenner R, Posch T., Spatio-temporal niche 
separation of planktonic Betaproteobacteria in an oligo-mesotrophic lake. Environ 
Microbiol. 2008. Own contribution: MZ provided and customized the method for 
sample imaging, assisted in technical data evaluation and writing of the publication. 
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5 Methods and Results 
5.1 Description of the Automated Microscopy Platform 
The automated microscopy platform developed in this thesis is an integrated 
system consisting of several components and computer programs arranged in a 
linear workflow (Fig. 4). Firstly, preparations on the microscopic slides are localized 
and a coordinate list is generated. Secondly, the preparations are imaged and the 
images are stored as .JPG files. Thirdly, a quality control routine discards images of 
low quality. Fourthly, images are analyzed and the information (e.g. detected cells) is 
stored in a metadata file. Fifthly, the metadata file is evaluated by the user and a 
report is generated. The system was designed to be open and expandable to allow 
for imaging and evaluation of different kinds of samples, i.e. from different 
environments, and stained by different techniques. 
Fig. 4 Schematic representation of the workflow. The upper row depicts the methodological workflow. The orange 
boxes represent individual program routines. The blue boxes depict the flow of information.  
5.1.1 Microscope Hardware 
The automated screening platform is based on an AxioImager Z.1 (Fig. 3 (see 
introduction section) and Fig. 5) epifluorescence microscope (Carl Zeiss, Germany) 
with a motorized stage for eight microscopic slides (WSB Pieozodrive 05; 225 × 85). 
The microscope was equipped with a 1 × EC Plan-NEOFLUAR (NA = 0.025), a 10 × 
EC Plan-NEOFLUAR (NA = 0.3), a 40 × Plan-NEOFLUAR (NA = 1.3), a 63 × Plan-
APOCHROMAT (NA = 1.4), and a 100 × EC Plan-NEOFLUAR (NA = 1.3). For both, 
epi- and transmission illumination, LED devices were used. The COLIBRI system 
was used for epifluorescence illumination, featuring four LEDs (365 nm, 450-700 nm, 
470 nm, and 590 nm). Four filter blocks were employed: 62 HE (Ex.: BP 370/40, BP 
474/28, BP 585/35; FT: 395, 495, 610; Em.; BP 425, BP 527, LP 615), 43 (Ex.: BP 
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545/25; FT 570; Em.: BP 605/70), and 26 (Ex.: BP 575-625; FT 645; Em.: BP 660-
710), 49 (Ex.: G 365; FT 395; Em.: BP 445/50). 
 
1) CCD camera 
2) Ocular 
3) Objective 
4) Motorized stage 
5) LED transmission illumination 
6) LED epifluorescence illumination 
7) Multi filter set 
 
Fig. 5 Schematic depiction of the automated microscope.  
5.1.2 Image Analysis Software and Software Development Environment 
Image analysis was either performed using the commercial software AxioVision 
(Carl Zeiss, Germany) or programmed within Visual Basic .NET (Microsoft). 
AxioVision 4.7 is an extendable software package and the module “VBA” was used 
for automation. It allows for controlling the microscope hardware. Furthermore it gives 
access to the image processing libraries required for automation of image analysis 
routines. The AxioVision module “MosaiX” was used to create composite images for 
either the generation of coordinate lists or the imaging of large areas in order to 
quantify Planktothrix rubescens (see Manuscript 3). The “Extended Focus” module 
was applied to calculate sharp images from z-stacks and thereby compensate for 
small topological unevenness of preparations (see Publication 1). 
5.1.3 Autonomous Image Acquisition 
Autonomous image acquisition was realized by creating two programs in 
AxioVision VBA, a tool for the generation of coordinate lists and a tool for image 
acquisition. 
Generation of coordinate lists: Prior to image acquisition, the locations of fields 
of view (FOVs) (the preparations, respectively) to be imaged have to be defined 
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spatially on the microscope stage. Microscopic preparations may feature different 
geometries. Most typically they are triangular filter segments resulting from cutting 
polycarbonate membrane filters by a scalpel or using a filter cutter device designed 
for this purpose by the author and manufactured by Wiederkehr Metallbau AG 
(Boswil, Switzerland) (for detailed information see: http://www.technobiology.ch). 
Often, whole filters are subjected to imaging, featuring a circular shape. Additionally 
rectangular shapes or multiwell slides may occur. The use of predefined coordinate 
lists with a predefined number of FOV per preparation forcing users to allocate their 
filter pieces in a well defined way has been proposed (Pernthaler 2003) but renders 
image acquisition less flexible. Therefore, a generic tool was developed to create 
user specific coordinate lists. In a first step, all slides on the stage are imaged by a 
low magnifying objective (1 ×; a single slide is imaged by acquiring and stitching 3 × 
11 single images).  
On these overview images, image processing is performed to detect filter pieces 
and to recognize their morphologies (triangle, rectangle, or circle) on the basis of 
their contours. A user defined number of FOV positions are generated on each 
recognized preparation for systematic random uniform sampling. Moreover the user 
is able to add, move or remove preparations (Fig. 6). Importantly, the preparations 
have to be named by the user at this step of the workflow, and, during the image 
acquisition step, the names of the preparations are stored within the corresponding 
.JPG files as tags, for subsequent image identification. 
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Fig. 6 Two examples of annotated images produced by the coordinate list tool. Each image shows eight slides. A: 
The first two slides contain entire 25 mm membrane filters, slides 2-6 contain pieces of 25 mm filters and slides 7-
8 contain pieces of 47 mm membrane filters. B: Eight slides containing 25 mm membrane filters with six spots of 
bacterial suspension per filter (obtained from flow cytometric sorting).  
Autonomous image acquisition: A program for multi channel image acquisition 
was created within AxioVision VBA (Fig. 7). The program supports imaging with 
different magnifications (Fig. 7 A). Up to four images in fluorescence illumination (Fig. 
7 B) and one image in bright field illumination (Fig. 7 C) can be acquired per FOV to 
evaluate different types of experiments: e.g. single staining with DAPI for cell 
counting, biovolume and morphology assessment, double staining for standard FISH 
experiments, triple staining for double hybridized FISH or FISH + BrdU experiments, 
and additional bright field imaging for MAR signal detection. 
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Fig. 7 Graphical user interface of the image acquisition program. 
The program allows for the adjustment of settings for excitation wavelength (Fig. 
7 D), focusing method (Fig. 7 E), exposure time (Fig. 7 F), and z-stacking extent (Fig. 
7 G) for each channel. The exposure time can be set to a constant time, or 
dynamically adjusted, by either choosing the auto-exposure method by AxioVision or 
by setting a constant mean gray level intensity of the image, determined by exposure 
bracketing on the live image. In addition, a minimal and a maximal time can be set to 
limit the range of the automatically determined exposure time (Fig. 7 H). The program 
provides two possibilities to adjust the focus: it can be set in relation to the previously 
found focus position by an offset value or the autofocus routine can be applied. The 
autofocus routine developed by the author is described in detail in Publication 1. Z-
stacking and subsequent application of the extended focus algorithm (which 
calculates a single, optimized image from a z-stack (Forster et al. 2004)) provided in 
AxioVision has been shown to significantly improve cell counting accuracy, but at the 
cost of extended duration of the imaging procedure (as multiple images have to be 
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acquired per FOV). Therefore, the number of images per z-stack as well as the 
distance between images can be set by the user. Importantly, while the system is 
running, the user has the possibility to interrupt the image acquisition, skip 
preparations, or change the imaging settings mentioned before (Fig. 7 I). Images are 
stored in the .JPG format (grayscale, 8 Bit) in a user specified directory (Fig. 7 J), 
together with a report and the overview image with an annotation of the recognized 
preparations and the FOVs. A fully loaded stage, comprising 8 slides, 8 FISH 
preparations per slide and 36 FOVs per preparation can be imaged within about 12 
hours, e.g. overnight. The here used microscope was equipped with LED illumination 
devices for transmission- and, more importantly, for epiillumination (COLIBRI, Zeiss). 
LED devices are of high value in automated systems that exhibit long operation 
times, as they can be readily switched on and off during different stages of imaging, 
have a long lifetime, need no maintenance and consume less energy than 
conventional illumination devices. Moreover, the availability of four LEDs with distinct 
wavelengths and a multi filter set eliminates the need of mechanically switching filter 
sets in order to image different fluorescent dyes, which reduces the mechanical load 
of the system and hence renders the process of imaging significantly faster. 
5.1.4 Image Quality Control 
Prior to image analysis, autonomously acquired images have to be checked for 
their quality in order to exclude low quality images. Low quality images significantly 
lower counting precision and accuracy, as shown in Manuscript 2. Because manual 
assessment and sorting of images is a time consuming and tedious task, the author 
developed a computer program in VB.NET for automated assessment of image 
quality by neural network analysis. The program and its underlying concepts are 
described in detail in Manuscript 1. 
5.1.5 Image Analysis and Metadata Concept 
The ultimate goal of high throughput imaging is to gain quantitative data. 
Depending on the scientific question, different parameters have to be measured on 
images. In the field of microbial ecology, fundamental variables to be extracted 
include: The absolute cell numbers on a preparation, the relative abundance of 
multiple stained cells, cell morphologies and biovolumes of cells. 
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Conventional image analysis tools are based on image processing, object 
detection, object measurement and report generation in a linear workflow. As a 
consequence, images have to be reprocessed, if an image dataset has to be 
evaluated multiple times, e.g. to revise results of object detection or to obtain 
additional data (e.g. cell sizes). As image processing is the most time consuming 
step in the entire procedure, the author has introduced the concept of metadata, in 
analogy with the data evaluation strategy realized in flow cytometry. By this 
approach, images have to be processed only once and all possible objects are 
detected. For each object, characteristic features are measured and saved in text 
format as a metadata file. These features are densitometric (e.g. mean object 
brightness, brightest pixel intensity etc.) as well as geometrical parameters (e.g. 
length, width, area, perimeter, contour coordinates, Fourier descriptors, circularity 
etc.). The program for the generation of metadata files was created within AxioVision 
VBA and allows for analysis of single image experiments, double staining 
experiments and triple staining experiments such as MAR-FISH and BrdU-FISH. The 
computer program for the evaluation of the metadata files was developed in VB.NET 
using an object oriented programming approach. By loading a metadata file, an 
object structure is build up in the RAM of the computer, containing preparations, FOV 
per preparation and cells per FOV for each channel. The program provides 
functionality to select cells to be counted by setting gates for area and brightness 
(Fig. 8). Preloading of all data into the RAM allows for fast data processing (i.e. re-
analysis of images is approx. 1000 times faster than conventional re-processing of 
images). 
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Fig. 8 Graphical user interface of the image metadata interpreter program.  
 
5.2 Description of a Novel Algorithm for Biovolume Calculation 
(To be extended into Manuscript 4) 
Bacterial biovolumes are an important feature in aquatic microbial ecology. 
Recent studies have shown that conclusions about the composition of bacterial 
communities in aquatic systems may depend on whether the contribution of bacterial 
biomass to taxonomic groups is analyzed rather than their abundance (e.g. (Posch et 
al. 2009)). Fluorescence microscopy and image analysis represent suitable tools for 
the determination of bacterial biomass. However, the presently used methods to 
calculate bacterial biovolumes from digital images are biased by the models used to 
approximate the morphology of the cells. In this study the author developed a generic 
contour based algorithm to determine cell biovolumes that is not biased by the shape 
of a cell. Geometric models of commonly encountered bacterial morphotypes were 
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used to verify the algorithm and to compare its performance with the existing 
methods. 
5.2.1 Description of the Problem 
Multi parameter analysis of bacterial cells by automated high-throughput 
microscopy is a powerful approach to study microbial dynamics in ecosystems. 
Phylogenetic community assemblage and bacterial activity can be assessed on a 
single cell level by fluorescent staining techniques such as fluorescence in-situ 
hybridization (CARD-FISH) and microautoradiography (MAR). The evaluation is 
usually based upon cell counting and yields thus abundances of cells exhibiting 
specific features relative to total cell counts. However, mere counting does not take 
into account that bacteria exhibit a large range of cell sizes and morphologies (Young 
2006), and it is a matter of discussion whether features should be related to cell 
numbers or biovolumes (Posch et al. 2009). 
One argument for preferring cell counts to biovolumes as a reference is that cell 
counts can be retrieved faster, with less computational effort and much more 
accurate. Moreover, the automated cell counting by image analysis is increasingly 
becoming standard methodology nowadays (Pernthaler et al. 2003, Daims & Wagner 
2007). However, in our opinion there are good reasons for the assessment of 
bacterial biovolumes in addition to cell counting: (i) if images of sufficient quality are 
acquired for counting, the prerequisite for biovolume calculation is already given, and 
(ii) biovolumes may represent another qualitative level of information with ecological 
importance (Psenner & Sommaruga 1992, Posch et al. 2007, Posch et al. 2009, 
Schattenhofer et al. 2009). 
Calculation of biovolumes by image analysis is a long standing topic in literature 
and many methods have been proposed for this purpose (Bloem et al. 1995, Posch 
et al. 1997, Blackburn et al. 1998). Typically, simple geometrical models are used, 
assuming that bacterial shapes can be approximated with sufficient accuracy. These 
methods are based on the measurement of basic features such as area, perimeter, 
length and width. A more sophisticated algorithm has been proposed by Sieracki et 
al. (Sieracki et al. 1989). It is based on the contour and treats cells as solids of 
revolution, assuming a straight major axis. This assumption is valid for some classes 
of morphologies such as cocci and rods but not for others such as vibrioid and 
filamentous cells. 
Results 
 
 25
Therefore, an algorithm was developed that is free of unnecessary geometrical 
assumptions and requires only the contour of a microbial cell to estimate its 
biovolume. This algorithm is accurate and not affected by the cells morphology in 
contrast to the presently available algorithms. Thus, it is robust and suited to be 
integrated in fully automated image processing systems. 
5.2.2 Conception of the Algorithm 
The basic idea of the algorithm is that a microbial cell, independently of its 
morphology, can be cut into segments that can be approximated by half cylinders. In 
the two dimensional projection, as it is given by microscopic imaging, the cell contour, 
subsequently referred to as polygon, has to be cut into triangles. These triangles are 
subsequently used for the reconstruction of the half cylinders. The summation of the 
volumes of those volume elements finally results in the volume of the microbial cell.  
The algorithm was implemented in VB.Net following an object oriented 
programming approach, packing the functionality in a separate class. The input for 
the algorithm to calculate the biovolume of an object consists of a list of the contour 
points (x,y-coordinates) of that particular object, in the form of a two dimensional 
array of the data type ‘double’. This input data has to be retrieved by image analysis 
either directly from the contour of an objects or indirectly via its fourier descriptors. 
The contour points have to be listed in adjacent order, anti-clockwise. In a first step, 
normal vectors are calculated for every point on the polygon considering the 
coordinates of the point and its two neighbouring points. 
The algorithm segments a polygon with n corners into n-2 triangles. This is done 
in a recursive way, as the excision of a triangle from a polygon splits that particular 
polygon into two new polygons. Within the newly generated polygons, the same step 
is applied recursively, until all n-2 triangles have been defined. 
Two cases are distinguished: (i) the new polygon is an end region of the entire 
contour or (ii) it is not. In the first case, the remaining polygon is consecutively divided 
into triangles, starting with the largest possible triangle. In the second case, an 
optimization function is used for finding the optimal triangle in a polygon (Fig. 9). 
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Fig. 9 Examples of five geometrical models subdivided in triangles by the algorithm. End regions are depicted in 
blue.  
5.2.3 Verification of the Algorithm 
For verification of the algorithm, we created 22 geometrical models of realistic 
bacterial morphotypes (Fig. 10) by computer aided design (CAD-tool ProEngineer 
Wildfire 4, PTC). Geometric formulas allow for the calculation of the true volume of an 
object from its cross-section area. The cross section is the projection of the object as 
it is given on a microscopic image. Cross section images have been generated and 
subjected to image analysis where object detection and measurement of basic 
features such as area, perimeter and Fourier descriptors was performed. 
Three different algorithms described in the literature (Sieracki et al. 1989, Bloem 
et al. 1995, Blackburn et al. 1998) were compared with the described method to 
determine the volumes of the geometrical models, based on the cross section images 
and the measured features. As the true volume could be calculated for every model 
by measuring its area and applying the corresponding formula, the errors of the 
different methods could be quantified (Fig. 11). 
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Fig. 10 Geometrical models of different bacterial morphologies. Formulas for volumes and areas are given. 
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Fig. 10 continued. Geometrical models of different bacterial morphologies. Formulas for volumes and areas are 
given. 
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Fig. 11 Comparison of the errors of four methods for biovolume determination. Errors are depicted as absolute 
percentage of the deviation to the true volume for 22 different geometrical models. The errors of the here 
described method are shown as red bars.  
The newly described algorithm was shown to be most accurate. The error in the 
calculation of the volume for the 22 different morphologies was constantly below 2%. 
The algorithm is thus largely unbiased by the morphology of cells in contrast to 
previously described algorithms and should be considered in studies that determine 
biovolumes of morphologically diverse communities. 
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6 Discussion 
The introduction of computers in all fields of life sciences represented a series of 
far-reaching revolutions. In the 1980s, computers, at this time highly expensive and 
complicated, became available for a small circle of scientists. It required profound 
engineering skills to handle these machines but they nevertheless opened new 
perspectives. In aquatic microbiology for example, it allowed for next-level 
microscopy by digital image analysis (Bartels et al. 1972, Krambeck et al. 1981, 
Sieracki et al. 1985, Bjornsen 1986). Decades later, another revolution (or evolution) 
took place, as computers, now less expensive and far more powerful, became 
broadly available and user-friendly everyday equipment. A similar trend was 
observed for image analysis software, CCD cameras and motorized microscopes. 
However, the full potential of the computational power and sophisticated microscopic 
hardware that is available today is still widely unused by aquatic microbial ecologists. 
Limits are set by the functionality of ‘ready-to-use’ image analysis software. Since the 
field of microbial ecology does not represent a large, economically interesting market, 
companies are not particularly interested in them4. To overcome these limits, a 
certain degree of software engineering skills is required, and one has to leave the 
rather restrictive environment of commercial image analysis tools. However, some 
image analysis software offer an integrated development environment (e.g. 
AxioVision by Zeiss or the open source software ImageJ (Collins 2007)). 
 
6.1 Advantages and Novel Features of the Developed Microscopic 
Screening Platform 
The main advantage of the automated microscopic screening platform developed 
in this thesis is its intrinsic flexibility. It allows researchers for imaging different types 
of preparations, including polycarbonate membrane filters (filter pieces, whole filters, 
spots on filters) or direct spotting on conventional microscopic slides or multi-well 
slides. The coordinate list program (Fig. 6) allows for automated detection of 
preparations and up to eight slides (99 preparations) may be processed in one 
imaging run. The image acquisition program interface offers to flexibly adjust settings 
                                                 
4 For biomedicine or cell biology, screening platforms are widely available. But, in contrast to the 
various available molecular biological kits, originally developed for cell biologists, they generally 
cannot be adopted by aquatic ecologists for their purposes. 
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to comply with several commonly applied staining protocols, including single staining 
to assess abundance, biomass and morphology, double staining for phylogenetic 
identification (FISH), and triple staining to investigate activity by means of substrate 
uptake (MAR-FISH) or growth measurement (BrdU-FISH). Moreover, it is possible to 
interrupt and change settings anytime during the image acquisition. The newly 
developed autofocus routine and the consequent acquisition of z-stacks greatly 
improved the overall image quality (Publication 1) and the newly developed 
automated image quality control tool eliminates the need of manually revision of 
images for quality after image acquisition (Manuscript 2). The evaluation of the 
images (e.g. cell counting or biomass and morphology determination) has been 
greatly accelerated by decoupling image processing from data analysis by the here 
introduced metadata concept. It allows for quasi real-time evaluation of image data at 
any computer, independently of commercial image analysis software. 
 
6.2 The Value of High Throughput Analysis in Aquatic Ecology 
The automated imaging platform described in this thesis is an example of how 
software development can substantially extend the potential of a commercially 
available microscopic system. It allowed us to conduct ecological studies that would 
have not been possible within this time frame before. 
 
6.2.1 High Frequency Sampling 
Publication 5 (Zeder et al. 2009) illustrates of how high frequency sampling in a 
short time period (i.e. a spring phytoplankton bloom) can provide profound knowledge 
about short-term successions of bacterial populations. Changes in the community 
structure take place within days and raise the need of sampling at the same 
frequency or even more often5 in order to detect them. The processing of such large 
amounts of preparations is hardly feasible without an automated screening platform. 
Notably, Publication 5 involved assessment of the activity of distinct bacterial taxa by 
the BrdU incorporation approach, which results in triple fluorescently stained 
preparations. These are extremely difficult to evaluate by manual microscopy, as a 
                                                 
5 In analogy to the Nyquist-Shannon sampling theorem (Wilkinson 1998), the frequency of biological 
sampling probably should be twice as high as the frequency of the observed event. 
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red fluorescent dye (Alexa 633, Invitrogen) had to be used (to avoid spectral 
overlaps), which is hardly visible by the human eye.  
6.2.2 Ecophysiology: Multiple Substrates 
Besides sampling density, the amount of replicates and parallel incubations of 
samples with different radio-labelled substrates is a limiting factor for the significance 
of ecophysiological studies. The number of MAR-FISH preparations (several 
hundred) processed in Publication 6 (Alonso et al. 2008) exceeds the typical amount 
of data in comparable publications by a factor of 5 – 10 (e.g. (Cottrell & Kirchman 
2000)). This approach allowed to elucidate substrate preferences of distinct 
betaproteobacterial linages and to study their behaviour upon transfer to new 
environmental conditions. 
6.2.3 Spatio–Temporal Studies and Monitoring 
Long term studies, e.g. for monitoring purposes or the analysis of seasonal 
population changes described in Publication 7 (Salcher et al. 2008), result in 
enormous amount of samples and highly profit from an automated screening 
platform. Publication 7, featuring high-resolution seasonal and, importantly, vertical 
profiling, revealed that some betaproteobacteria only occur in the anoxic zone of the 
studied lake. Moreover, distinct betaproteobacterial populations showed a high 
affinity to amino acids wheras others – presumably methylotrophic – did not. 
6.3 Model-Based Object-Oriented Image Analysis 
Conventional image processing has been introduced in the 1960s and is 
generally based on mathematical processing of two-dimensional matrices derived 
from digital images. In most image analysis tools, image processing is done by 
sequentially applying filters or operations on an image, whereby the output of each 
operation is a new image. Subsequently, a binary image is created, in which objects 
are separated from the background and can be analyzed (e.g. sized and counted). 
However, in this respect, objects are defined as groups of connected pixels. If objects 
on a preparation overlap, there is no possibility for correct detection. This fact may be 
neglected for certain application, but not for others, such as the quantification of 
filamentous cyanobacteria described in Manuscript 3. The combination of object 
oriented programming (OOP) and image analysis allows for going beyond this 
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limitation. The first step of this approach, termed as ‘model based object oriented 
image analysis’ is to analyze the biological problem in a qualitative and quantitative 
way and the formulation of a model. The second step is the object oriented analysis 
of the model, and, finally, the third step is the implementation by means of OOP. This 
approach allowed for addressing two problems related to aquatic microbial ecology 
that cannot be resolved equally precise with conventional image analysis. Manuscript 
3 discusses the correct detection of overlapping filaments on epifluorescence 
images, and Manuscript 4 describes a new algorithm for the calculation of bacterial 
biovolumes that is unbiased by cell morphologies. 
6.4 Outlook 
The concept of metadata generation and evaluation has proven to be an efficient 
way to analyze data resulting from high-throughput microscopy. First of all, it is 
significantly faster, as data in the transient memory (RAM) allows for quasi real-time 
analysis. Moreover, the program is able to run on every computer (having a Microsoft 
operation system) as it is not based on commercial image analysis software and 
does not require intensive computational power. 
There is still a large potential of improving the metadata concept. Presently, the 
metadata consists of measurable cell features that are provided by conventional 
image analysis tools (e.g. area, perimeter, circularity and so on). Importantly, the 
contours of the cells have also to be saved for later online annotation. Depending on 
the size of the cells, the saving of the contour requires different amounts of memory. 
Another strategy that should be followed would be the use of Fourier descriptors for 
storing cell contours. They allow for the reconstruction of the contour of a cell at a 
sub pixel resolution and have been previously used to analyze shapes (Blackburn et 
al. 1998, Liu et al. 2001, Culverhouse et al. 2006, Neto et al. 2006, Pincus & Theriott 
2007). Moreover, geometrical features can be directly deduced from them and do not 
need to be stored separately. 
The next step in the development of the here described system would thus be to 
change the metadata structure. This also involves the adaptation of the image 
processing program and the metadata evaluation program. As the entire software 
has to be re-written, it would be of high advantage to develop both programs within 
VB.Net, because up to now, the image processing routine is bound to the commercial 
software AxioVision. This would imply the development of algorithms for cell 
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detection and Fourier descriptor retrieval within VB.Net. While this is presumably a 
difficult and highly time consuming project, it would allow providing both programs as 
free software and could thus be of high value for the community of microbial 
ecologists using single-cell analysis approaches. 
6.5 Conclusion 
During this Ph.D. thesis, an automated high-throughput imaging platform for the 
analysis of multiple stained preparations of aquatic bacteria was developed and 
applied. This system accelerates the evaluation of preparations by a factor of > 15 
compared to manual microscopy. However, the automation of a time critical process 
simply shifts the bottleneck somewhere else6. Concurrently, some technical issues 
such as autofocusing and image quality control were addressed. In addition, new 
image analysis techniques in the context of ecology (i.e. filament quantification and 
biovolume estimation) were elaborated. The author hopes that this work contributes 
to the field of aquatic microbial ecology and that the described strategies and 
programs may be of use for other researchers.  
                                                 
6 As Jeanne Hersch pointed out once: real scientists exactly know that they will never resolve all 
problems – not even their own, as the solution of a problem always bears new problems (Hersch 
1976). 
Discussion 
 35 
7 Publications & Manuscripts 
 
Manuscript 4 is described in the ‘Methods and Results’ section. 
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7.1 Publication 1: Multi-Spot Live-Image Autofocusing for High-
Throughput Microscopy of Fluorescently Stained Bacteria. 
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7.2 Publication 2: Automated Quality Assessment of 
Autonomously Acquired Microscopic Images of Bacteria by 
Artificial Neural Network Analysis. 
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